This paper presents selection of optimal locations and sizes of voltage regulators in radial distribution system using Plant Growth Simulation Algorithm (PGSA). Voltage has always been considered as an integral part of the power system response. There are several factors, which contribute to voltage collapse such as increased loading on distribution feeders, reactive power constraints, on load tap changer dynamics and load characteristics. The proposed method for voltage regulator placement is suitable for large radial distribution network. The VR problem consists of two sub problems, that of optimal placement and optimal choice of tap setting. The proposed method deals with initial selection of voltage regulator buses by using power loss indices (PLI). The candidate node identification technique and Plant Growth Simulation Algorithm (PGSA) are used for optimal location and number along with tap setting of the voltage regulators that maintain a smooth voltage profile throughout the network. The aim of this paper is to obtain optimal voltage control with voltage regulators and then to decrease the total cost and losses, to obtain the maximum net savings. The effectiveness of the proposed method is illustrated with 33 bus and 69 bus radial distribution systems and these results are compared with Discrete Particle Swarm Optimization method.
Introduction
One of the utility's core responsibilities is to maintain consumer's terminal voltage within a suitable range. Hence the utilities must regulate the voltage subject to economic as well as technical considerations. The voltage drop in distribution circuits occur due to current flowing through the line impedances. Voltage drop is higher with lower voltage distribution systems, poor power factor, single-phase circuits, and unbalanced circuits. Electric utilities commonly use both voltage regulators and shunt capacitors to maintain voltages within the specified limits. The shunt capacitors operate in discrete steps while voltage regulators are transformers with variable taps. The voltage change is obtained varying the tap position by a control circuit in the case of voltage regulators. Thus a voltage regulator is used to hold the voltage of a circuit at a predetermined value, within a band which the control equipment is capable of maintaining and within accepted tolerance values for distribution purposes. Voltage Regulators (VR) may be installed at substations or out on distribution feeders on poles, pads, or platforms or in vaults. The shunt capacitors can be fixed or switched type; they are considered integer multiple of a capacitor unit. Regulators have fixed nodal position for all load levels and are characterized by pre-assigned discrete sizes.
A computer algorithm for the voltage control of large radial distribution networks, which takes into account the actual network data such as conductor sizes, lateral and sub-lateral branches as well as load distribution and time variation and handles fast as a total and not in parts making relative approximations, is presented by Salis and Safigianni (2000) . It is proposed re-conductoring of currently operating primary distribution networks in order to optimize them technically as much as possible Safigianni, 1994 and 1995) . Research papers (Grainger and Civanlar, 1985a , 1985b and 1985c ) deals with the determination of the optimal solutions for the voltage regulators and capacitors, in order to minimize the peak power and energy losses and provide a smooth voltage profile along a distribution network. The proposed algorithm, for optimal reactive power and voltage control, suitable for large distribution networks, starts with implementing a partitioning and Kron's reduction technique in order to reduce the size of the problem (Salama et al., 1996) .
The paper by Sen and Larson (1994) addresses what factors to be considered when deciding whether regulators, capacitors, or load balancing or a combination is most appropriate to provide the needed voltage support. The set of papers (Chiang et al., 1995a , 1995b and Grainger et al., 1984 formulates the voltage regulator and capacitor problems for general radial distribution systems with lateral branches. In the paper by Mendoza et al. (2005) developed a method for optimal location of Automatic Voltage Regulators in radial distribution networks using simple genetic algorithms. In Augugliaro et al. (2004) , the problem of voltage regulation and power losses minimization for automated distribution systems is dealt with evolutionary multi-objective approach.
The proposed method deals with initial selection of voltage regulator buses by using power loss indices (PLI) and Plant Growth Simulation Algorithm (PGSA) is used for optimal location and number along with tap setting of the voltage regulators, which provides a smooth voltage profile along the network. The main objective of this paper is to minimize the number of voltage regulators which in turn reduces the overall cost. The proposed algorithm is tested on 33 bus and 69 bus radial distribution systems.
Load Flow Method
Load flows provide voltage profiles that help when planning new distribution circuits, adding customers, and tracking down and fixing voltage problems. Most distribution load-flow programs offer a function to plot the voltage as a function of distance from the source. In any radial distribution system, the electrical equivalent of a typical branch, which is connected between buses 1 and 2 having a resistance r (1) and inductive reactance x (1) is shown in Figure 1 . Current flowing through branch-1 is given by
From eqns. (1) and (2),
Separating real and imaginary parts, the real part is
and the imaginary part is
Eqn. (5) has a straight forward solution and does not depend on the phase angle, which simplifies the problem formulation. In a distribution system, the voltage angle is not so important because the variation of voltage angle from the substation to the tail end of the distribution feeder is only few degrees. Note that from the two solution of |V (2) | 2 only the one considering the sign of the square root of the solution of the quadratic equation gives a realistic value. The same is applicable when solving for |V (2) |. 
The active and reactive power losses in branch 'j' are given by
The total active and reactive power losses of the system are
Problem formulation for Voltage Regulator Placement
Voltage Regulator (VR) or Automatic Voltage Booster (AVB) is essentially an auto transformer consisting of a primary or existing winding connected in parallel with the circuit and a second winding with taps connected in series with the circuit. In order to maintain the voltage profile and to reduce the power losses these are installed in the distribution systems.
• VR provides 10% boost of voltage • It boosts voltage in four steps of 2.5% each and it also boosts voltage in 32 steps of 0.625% each.
• It has line drop compensation to maintain constant voltage at its location.
• KVA rating = (rated voltage × % boost of booster × rated current)/100 • It causes sudden voltage rise in discrete steps at its location leading to better voltage profile and reduction in losses.
The VR problem consists of two sub problems, that of optimal placement and optimal choice of tap setting. The first sub problem determines the location and number of VR to be placed and the second sub problem decides the tap positions of VR. To obtain the optimal location for placing voltage regulators that maintain the voltages within the limits of the RDS so as to maximize an objective function, which consists of capital investment and capitalized energy loss costs. The capital investment is the cost incurred on placement of the Voltage Regulators and the capitalized energy loss costs correspond to the cost of the energy losses in a year. The main steps of the algorithm are reported in the flow chart shown in Figure 2 . The objective function is formulated on the basic idea given in (Pereira C.A.N. and Castro C.A., 2009) as maximizing the net saving function, Max.F= K e × P lr × 8760×LLf-K VR ×N(α+β) (12) where K e = Energy loss cost factor in Rs./ kWh, P lr = Power loss reduction LLf = Loss factor = (0.8x(Load Factor) 2 ) + (0.2 x Load Factor) K VR = VR capital cost factor N = Number of VRs α = Regulator Setting for resistance compensation β = Regulator Setting for reactance compensation
1 Selection of tap position of VR's
By finding optimal number and location of VR then tap positions of VR are determined as follows. In general, VR position at bus 'j' can be calculated as V j 1 = V j ± tap × V rated (13) Tap position (tap) can be calculated by comparing voltage obtained before VR installation with the lower and upper limits of voltage '+' for boosting of voltage and '-' for bucking of voltage The bus voltages are computed by load flow analysis for every change in tap setting of VR's, till all bus voltages are within the specified limits. Then obtain the net savings, with above tap settings for VR's.
Illustrations of Candidate Node Identification
The node identification method is illustrated by an example of 15-node system. The line and load data of this system is given in (Ghosh and Das, 1994) . After running the load flows for base case system, the active power loss is given by 60.34821 kW. By improving voltage at each node equal to upper limit of voltage, one at a time and perform the load flows and calculate the active power loss in each case and also loss reduction. The results are tabulated in Table 1 . The most suitable nodes for VR placement are chosen based on the condition PLI greater than a PLI tolerance value between '0' and '1'. The tolerance value is selected by experimenting with different values in descending order starting from '1'. The best value of the tolerance is the value which gives the highest profit and satisfying the system constraints. The Power Loss Index (PLI) is calculated using eqn. (14) 
Algorithm for candidate node identification
Following algorithm explains the methodology to identify the candidate nodes, which are more suitable for voltage regulator.
• Read radial distribution system data.
• Run the load flows and calculate the base case active power loss.
• By improving the voltage at each node to maximum voltage limit of 1.05 p.u and run the load flows, to calculate the active power losses in each case.
• Calculate the power loss reduction and power loss index using eqn. (14).
• Select the candidate node whose PLI > tolerance.
• Stop. The plant growth simulation algorithm (Chun et al., 2008) which characterizes the growth mechanism of plant phototropism is a bionic random algorithm. It looks at the feasible region of integer programming as the growth environment of a plant and determines the probabilities to grow a new branch on different nodes of a plant according to the change of the objective function, and then makes the model, which simulates the growth process of a plant, rapidly grow towards the light source (global optimum solution).
Table1. Power loss reductions of 15 node system

Growth Laws of a Plant
The following facts have been proved by the biological experiments. 1) The higher the morphactin concentration of a node, the greater the probability to grow a new branch on the node.
2) The morphactin concentration of any node on a plant is not given beforehand and is not fixed; it is determined by the environmental information of the node, and the environmental information of a node depends on its relative position on the plant.
Probability Model of Plant Growth
By simulating the growth process of plant phototropism, a probability model is established. 
Figure3. Morphactin concentration state space
The significance of (15) is that the morphactin concentration of a node is not dependent on its environmental information but also depends on the environmental information of the other nodes in the plant, which really describes the relationship between the morphactin concentration and the environment. Figure 3 , then the corresponding node that is called the preferential growth node will take priority of growing a new branch in the next step. In other words, B MT will take priority of growing a new branch if the selected β satisfies
For example, if random number β drops between an interval [1 2], which means 1 2 , which corresponds to the initial preferential growth node of a plant, and the initial value of optimization X best equal to X o , and let F best that is used to save the objective function value of the best solution X best be equal to f(X o ), namely, X b = X best = X o and F best = f(X o ); 6. Initialize iteration count, count=1; 7. Search for new feasible solutions: Starting from basic point
, where X b corresponds to the initial tap setting corresponding to each regulator. (n is no. of candidate buses for regulator placement).
Step (7a): For j=n to m (with step length one) where n and m are minimum and maximum tap-setting of regulator respectively.
Step ( 
C MK
Step ( , if it does not satisfy abandon the possible solution X p and increment 'j' then go to step (7b). 8. Save the best possible solution from obtained feasible solutions. 9. If count >N max go to step 13; otherwise go to next step. 10. Calculate the probabilities C 1 , C 2, … Ck of feasible solutions X 1 , X 2 , X 3 , … X k by using eqn. (15), which corresponds to determining the morphactin concentration of the nodes of a plant. 11. Calculate the accumulating probabilities ∑C 1 , ∑C 2 ,….∑C k of the solutions X 1 , X 2 , … X k . Select a random number β from the interval [0 1], β must belong to one of the intervals [0 ∑C 1 ], [∑C 1 , ∑C 2 ], ….,[∑C k-1 , ∑C k ], the accumulating probability of which is equal to the upper limit of the corresponding interval, and it will be the new basic point X b for the next iteration, which corresponds to the new preferential growth node of a plant for next step. 12. Increment count by count+1 and return to step 7; 13. Output the results and stop.
Illustrative Examples
The effectiveness of the proposed method is illustrated with two examples.
Example-1
Consider 33 bus practical radial distribution system, the line and load data is given (Baran and Wu, 1989a In the Load flow solution for 33 bus RDS without and with voltage regulators, it is found that most of the bus voltages except buses 1 to 5 are violate the lower limit of 0.95 p.u. Ideally voltage regulators are to be installed at all buses except at bus 1 to 5. However, in practice, it is not economical to have more number of voltage regulators at all buses to get the voltages within specified limits. Hence by applying proposed PGSA algorithm, the required optimal number of voltage regulators that will maintain the voltage profile within above limits is determined. From candidate node identification technique, the optimal buses for voltage regulator placement are 2,3,4,5 and 6. From PGSA method the tap positions are {0, 0, 0, 12, 2}, at nodes 2, 3, 4, 5, and 6 respectively. At bus 2, 3, 4 the tap position is 0 means that the voltage regulator at bus 2, 3, 4 can be omitted and at buses 5 and 6 the voltage regulator is in boost position by 7.5% and 1.25% respectively. It is observed that from Table 4, Consider 69 bus radial distribution system, the line and load data of which is given in (Baran M. E. and Wu F. F., 1989b The voltage profile before and after placing voltage regulators is shown in Figure 6 . The total profit in a year for different PLI tolerance values for 69-node system is shown in table 5. From candidate node identification method the suitable buses for voltage regulator placement are 56, 57, 58, 59 and 60. From PGSA method the tap positions are {0, +7, 0, 0, +12}, at nodes 56, 58 and 59 the tap position is 0 means that the voltage regulator at these buses can be omitted. It is observed that from Table. 6, without voltage regulators in the system the power loss is 225.4386 kW and percentage voltage regulation is 9.1692%. With voltage regulators at buses only from 57 and 60, the power loss is 155.7473 kW and percentage voltage regulation is 4.1213%. The net saving is Rs. 3499626.16 with voltage regulators at optimal locations by PGSA whereas it is Rs. 3290175.73 using DPSO method. The minimum voltage is also improved from 0.950295 to 0.958787 using PGSA. The simulation result of objective function for 69 node radial distribution system is shown in Figure 7 .
Conclusion
In radial distribution systems it is necessary to maintain voltage levels within limits at various buses. This paper aims at discussing the maintenance of voltage levels by using voltage regulators in order to improve the voltage profile and to maximize the net savings. The proposed method deals with initial selection of VR by using power loss indices (PLI) and then PGSA has been used for optimal location and number along with tap setting of the voltage regulators to maintain voltage profile within the desired limits and reduces the losses. The proposed algorithm is tested with two systems consisting of 33 bus and 69 bus radial distribution systems and the results are compared with DPSO. The results are found to be better compared to DPSO. 
Nomenclature
